
NASA Technical Memorandum 86672

t;_b- lt') =7

(3Ib U;,cl_ S

G]/01 13512

Missions and Vehicle Concepts for
Modern, Propelled, Lighter-Than-
Air Vehicles

Mark D. Ardema

December 1984 / :e:J,,:,_,%

I_I/%SA
i'_ai :_nai Ac,_onaubcs and
SFace Adm_nstratc, n



[[[ !1i



NASA Technical Memorandum 86672

Missions and Vehicle Concepts for
Modern, Propelled, Lighter-Than-
Air Vehicles

Mark D. Ardema, Ames Research Center, Moffett Field, California

N/ SA
National Aeronautics and
Space Administration

Ames Research Center
Moffett Field California 94035



[11_'1



_ISSIONS AND VEHICLE CONCEPTS FOR MODERN, PROPELLED,

LIGHTER-THAN-AIR VEHICLES

By

Mark D. Ardema

Ames Research Center

Moffett Field, CA g4035, USA

TABLE OF CONTENTS

O. PREFACE

]. TNTRODUC_[ON

1.1 General

1.2 Historical Overview

1.3 State-o#-the-Art Assessment

].A Re_erences

Z. PATROL AND SURVEILLANCE

_.I Mission Characteristics and Vehicle ReQuirements

?.2 Coastal Patrol

?.3 Deep Ocean Patrol

_.4 References

3. VERTICAL _EAVV-LIFT

3._ Mission Characteristics and Market Analysis

R.Z Buoyant Quad-Rotor Concept

3.3 Rotatino Concepts

_.4 Other ConcePts

3.5 References

_. WiSH ALTITUDE _LATFOR_S*

A.! _i_tarv _nd Civil Needs

_.? Vehicle Basic Requirements

4.3 £ar]y Projects and Studies

4.4 Proou!sion

_.5 Re_erences

5. TPANSPORTATION _ISSIONS AND VEHICLE CONCEPTS

5._ RacYground and Mistorical Trends

_.? Mission Analysis

5.3 Vehicle Concepts

_._ Prnductivity Analysis

5.5 Economic Estimates

5.6 References

I

I

I

I

2

4

I0

i0

II

12
13

18

18

18

20

20

21

30

30

30

31

32

32

36

36

36

37

38

39

40

*Section by Norman Mayer.



rill!



O. _REFACE

Around 1970 a resurqence of interest about liqhter-than-air vehicles (airships) occurred in both

the public at large and in certain isolated elements of the aerospace industry. Such renewals of

airship enthusiasm are not new and have, in fact, occurred reqularly since the days of the Hindenburg

and other large niqid airships. However, the interest that developed in the early !g70's has been

particularly stronQ and self-sustaininq for a number of good reasons. The First is the rapid increase

in fuel prices over the last decade and the common belie? (usually true) that airships are the most fuel
eff(cient means o? air transportation. Second, a number of new mission needs have arisen, particularly

in surveillance and patrol and in vertical heavy-lift, which would seem to be wel!-sulted to airship

capabilities. The third reason iS the recent proposal of many new and innovative airship concepts.

Finally, there is the Prospect of _daPting to airships the tremendous amount of new aeronautical

technologv which has been developed in the Past _ew decades thereby obtaininq dramatic new airship

capabilities.

The primary purpose of this volume is to survey the results of studies, conducted over the last 15

years, to assess missions and vehicle concepts for modern propelled lighter-than-air vehicles.

1. !NT_ODUCT[ON

1.1 General

Several workshops and studies i- the early Ig7O's, sponsored by the National Aeronautics and Space

Administration and others, rRefs. 1.!-l.lg), arrived at positive conclusions regarding modern airships

and larqelv verifie_ the potential of airships _or operationally and economically satisfying many

cu-rent mission needs. Noteworthv among more recent airship activities has been the series of Con-

?erences on Liqhter-Than-Air-Svstems Technoloov sponsored by the American Institute of Aeronautics and

AstronautiCS. The la70 Conference is reviewed in Refs. 1.20 and 1.21. Based on the positive early

study conclusions, s=veral _roanizations have analyzed specific _irshio concepts _n greater detail and,

in a Few cases, Have initiated development of fliqht test and demonstration vehicles. It is the Purpose
of _M_S volume to survey the results of these activities.

It will be Jseful in later discussiomS to have a clear understand_nq of the definitions of various

tv_es of airships and how thev _re ?elated FFig. I). A !ighter-than-alr craft _LTA) is an airborne

vehicle that obtains a11 or part of its lift from the displacement of air by a lighter gas. LTA's are

convenie_tl y _ivi_ed into airships ?Synonymous wit_ dirigibles) and balloons, the Former being distin-

ou_shed bv tieir capability for controlled Flight. Only airships are considered here. In Pig. l, the

term "conventional" applies to the class of approximately ellipsoidal fully-buoYant airships developed
in the past. It is traditional to classify conventional airships according to their Structural concept

_igid, nonrigid, or semirigid_. Hvbri! _irships are herein classified according to the means by which

t_e aerodvnamic or propulsive portion of the lift is generated. Hybrid airship is a term which is used

to "escribe a vehicle that qenerates only a fraction of its total lift from buoyancv, the remainder

being generated aerodvnamical_y or by the propulsion system or both.

1.2 Historical Overview

The distinouishing characteristics of the two major conventional airship concePts--rigid and

nonrloim--will be discussed briefly. The third type, semirigid, is essenti_!Iv a variant of the non-

r_qiH type, !ifferino Only in the addition of a rigid keel. Specific hybri_ conceotS aill be discussed

in _etail in subsequent chapters.

A typical nonrigid airship F_io. _.2_ consists of a Flexible envelope, ;sual_y Fabric, Filled witn

l_tinq _aS and sl_Qhtlv oressurizeH. Internal air ¢Ompar_ents 'called ballonets! expand and contract

to _aintain the pressure in the envelope as atmospheric pressure and temmerature vary, as _ell _s to

ma<_tain !onqitudinal trim. _a_Inmet volume Is controlled by _ucted air _rom the DroDwash or bv elec-

tric b_owers. _he weiQhts 0_ the car structure, Propulsion system, and other concentrated loads are

supported bv catenarv SYStems attached to the envelope.

The other major type of airship was classified rigid because of its rigid structure (Fig. 1.3).

Th_s structure was usually an aluminum ring-and-girder frame. An outer covering was attached to the

frame to provide a suitable aerodynamic surface. Several gas cells were arrayed longitudinally with t_e

frame. These cells were free to expand and contract, thereby allowing for pressure and temperature

variations, ThuS, despite their nearly !dentica! outward appearance, rigid and nonrigid airships were

s_qni_icantly different in their Construction and operation.

The principal development trends of the three types of conventional airships are depicted in Fig.

1.a. The nnnrigid airships are historically significant for two reasons. First, a nonriqid airship was

the First aircraft of any tYPe to achieve controllable flight, nearly 125 years ago. Second, nonrigid
airships were the last type to be used on an extensive operational basis; the U.S. Navy decommissioned

the last of its nonrigid airship fleet in the early Ig60'S. During the many vears the Navy operated

nonrWQid airships, a _igh degree of availability and reliability was achieved. Most of these nOnrigid

airships were built by Goodyear and a few, based on a modified Navy design, are used today for adver-
tising by that company.

The rigid airship was developed orlmari!v by the Zeppelin Company of Germany _nd, in fact, rigid

airships became kno_n as Zeppelins. Even t_e small percentaqe of rigid airships not built by this

comDanv were based, for the most part, on Zeppelin designs. The riqid airships of the Zeppelin Company

recorded some h_storic "firsts" in air transportation, including inaugurating the first scheduled air

service. The culmination of Zeppelin development was the Graf Zeppelin and Hindenburg airships--



unquestionablyoutstandinaengineeringachievementsfor theirday.All of therigidairshipsproduced
in theUnitedStateswerefor militarypurposes;nonewerein operationat the outbreak of World War II.

An historical auestion of interest concerning m_dern airship developments is "Why, after vears of

operation, did lighter-than-air vehicles vanish From the scene?" There is considerable confusion on
this point; the reasons are, in fact, different _or each of the formerlv established airship _Jses,

There were basically tw_ military missions For which large rigid airships were developed. The

First was their use by Germanv as ae, ial bombers in World War I. They were never very effective in

this rote and by the end o? the War, due to their altitude and speed limitations and the improving

capabilities of fixed wina aircraft and ground artillery, they had become vulnerable and obsolete. The

other military develo_ent of rigid airships was by the U.S. Navy in the late IggO's and early 1930'S.

In this application, the airship served as a carrier of fixed wing aircraft which provided surveillance

For surface fleets. This concept was demonstrated to be operationally successful, although it was never
PrOven in wartime, The end o? this development was a direct result of the wreck of both airships, the

Akron and the _acon, which had been built for this purpose,

The only significant past commercial airship operations were those of the Zeppelin Company and its

subsidiary DELAG. The highlights of these operations are listed on Table I.!. None of these commercial

operations can be considered a _inancial success and most were heavily subsidized by the Germa_ govern-

ment. For example, the transatlantic service with the Graf Zeppelin in 1933-1937 required a break-even

load _actor of g3-g8_, a value seldom achieved, despite carrying postage at rates over ten times higher

than 1Q75 air mail rates.

Throuqhout most qf these Commercial operations, there was little or no competition from heavier-

than-air craft. _owever, ai,plane technology was making rapid strides and airplane speed, range, and

productivity were rising steadily. Airships and airplanes are difficult to compare because of the

remoteness of the time oerlod and toe limited operational experience. Nevertheless, by the time of the

Hindenburg disaster in Ia37, it seems clear that the most advanced airplane, the DC-3, had lower oper-

atin_ COSTS as well _S hi_her C_uisinq speeds than the most advanced airship, the Hindenburg CReFs, ],2_

an_ I._?). Of course, this tended to b_ offset bv the Hindenburg'S luxurv and longer range. Neverthe-
less, it is clear that althouQh the hurninQ of the Hindenburg hastened the end of the COmmercial airship

era, it was not the primary causm; the airship had become economically uncompetitive.

Bv aTl accounts, the use of nonrioid airships by the U.S, Navy in World War IS and subsequent years

was very successf_Jl. The Navy's Fleet of nonrigids increased from I0 vehicles at the beginning of the

War to I_5 at the end, and over _00,000 flioht hours were logged during the War. The airships were used

For ocean patrol a,¢ surveillance, primarily as reTated to surface vessel escort and antisubmarine

operations. The decommissioning of the Navy's airship fleet in 1961 was due apparently to austere

peacetime military budgets and not tO any operational deficiency.

1.3 State-of-the-Art Assessment

we will conclude this Introduction with a discussion of the technical, ooeratlonal and economic

characteristics of past airships and indicate how modern technology could be used to improve the

performance of all airship designs.

All three t v_es of conventional airships evolved into a common shape, the familiar "cigar shape"

with circular Cross sections and a nearly elliptical profile. The fineness ratio of the later rigid

airships was typically in the range 6-8. The fineness ratio of the nonrloid airships, which tended to

be smaller and slower than the rigid ones, was typically in the range 4-5.

It is Generally acknowledged today that past conventional, Fully buoyant airship designs were Jery

nearly optimum For this class o? vehicle in terms of aerodynamic shape and fineness ratio. "bus a

modern conve,tional airship could not be expected to show much improvement in this regard. It i5 esti-

mated that a _raG reduction of aooroxlmately 10% would be possible with adequate attention to surface

smoothness. Use of boundary-layer control mav give significantIv greater drag reduction CRef. 1.24 _,

Reviews of airship aerodynamics for both conventional and hyaorid configurations may be Found in Refs.

].?5 and !.76. Also of interest ?or aerodynamic analysis is Re?. 1,27.

The early airships wer_ designed primarily by empirical methods, and the only company to accumulate

sufficient experience to design successful rigid airships was the Zeppelin Company. Two areas in which

there was a serious lack of knowledge were aerodynamic }Pads an¢ desiqn criteria. Work in these areas

was continued after the decommissioning of the last rigid airship in expectation of further developments.

Significant progress was made in both analvtlcal and experimental techniques, but further work would

need to be done in these areas for a modern airship.

The Frames of most of the past rigid airships consisted of built-up rings and longitudinal girders

stabilized with wire bracing. The rings and longitudinals were typically made of aluminum alloy and the

bracing was steel, This structure was very light and efficient, even by present standards. However,

this construction was highly complex and labor intensive, and any modern airship of this type would have

to have a much Simpler construction. Possibilities include the use of _etaIclad monocoque, sandwich, or

geodesic Frame construction. Materials would be modern aluminum alloys or filamentary composite

materials. A good candidate for wire bracing, if required, is Kevlar rope. It Is estimated that the

use of modern construction and materials would result in a hull weight saving of approximately 25%

compared with a past design such as the Wacon.

There have been dramatic Improvements in softgoOds with applications for airships in the past two

decades. Softgoods are used for gas cells and outer coverings For rigid airships and for envelopes For

nonrigid airships. The material most often used in past airships for these applications was neoprene-

coated cotton, althouQh the envelopes of the later nonrigid airships were of dacron. The dramatic



improvementin strenQthof modernsoftgoodscomparedwithcottonis showninFig.1.5. Kevlarappears
to bethebestmaterial,but it hasnotbeenfully developedfor usein largeairships.It is estimated
thatuseof modernsoftgoodswouldresultin componentweightreductionsof 40-70%comparedwithpast
designs.Coatingfilmsalsohavebeenimprovedgreatly,whichwill resultin atenfoldimprovementin
Gascell andenvelopepermeabiiitv.

Withafewexplainableexceptions,pastairshipshaveall hadaboutthesamestructuralefficiency
!asmeasuredbye_tvweight/gas-volumeratio)despitedifferencesin size,designconcept,yearof
development,andlifting gas.Theinsensitivityto sizeis areflectionof theairship"cube-cube_aw"
(i.e., boththelifting capabilityandthestructuralweightincreasein proportionto thecubeof the
principaldimensionfor aconstantshade).Sincefixed-wingheavier-than-aircraftfollowa"square-
cubelaw,"airshipswill comparemorefavorablywithheavier-than-aircraftassizeis increased.
Smallerairshipshavetendedto havenonrigidor semirigidconstruction,whereasthelargerairships
havebeenrigid, andthis wouldbetrueof modernvehiclesaswell.

EitherOtto-orDiesel-cycleengineswereusedonthelargeairshipsof theIg30'S.Theinternal
combustionenQinehas lower fuel consumption in small sizes; however, the turbine engine can be adapted

For a varlet v of fuels an_ is liohter and Quieter. As compared with engines of the 1930's, modern

engines have about 90'_ of the specific fuel consumption and as low as 10% of the specific weight and

volume. Perhaps more important than these Imorovements is the greatly improved reliability and

maintainability of modern turboshaft enqines. ThrustorS will be either prop/rotors or ducted fans;

ducted fans are Guieter, safer For around personnel, and have higher thrust.

There are also some longer-term alternative propulsion Systems For airships. The Diesel engine is

attractive because of its low fuel consumption. However, no Diesel currently available is suitable for

airship use. Another possible propulsion system is a nuclear powerplant, particularly for long endu-

rance missions and large airships. An extensive development program will be required to develop a

nuclear-powered airship.

Enaine controls of the rigid airshios consisted of an engine telegraph that transmitted engine

control commands From the helmsman tO an engine mechanic, who would then manually make the required

engine control chanQes. _odern electronic power management systems will eliminate this cumbersome

system and greatly increase the responsiveness, accuracy, and reliability of engine controls. Control

of the thrust vector orientation by tilting mechanisms will also be greatIv enhanced with modern systems.

FliGht-control systems on past airships h_ve been largely mechanical. Commands From the helm (one

each for vertical and horizontal surfacesl were transmitted by cable and pulley systems to the control

surfaces. In addition, there were manual controls for releasing ballast and valving lifting gas. For a

large modern airship, a fly-by-wire or fly-by-light control system has obvious advantages and would

likely be employed. This system would use many airplane- and/or helicopter-type components. An auto-
pilot would also be provided.

Between the la30's and the present, there has been a vast improvement in avionics systems due

laroeIv to the dramatic changes in electronic COmmunications devices. For example, as compared with

1930 components, modern aviation radio equipment is about one-tenth the size and weiqht and is much more

versatile and reliable. Proq_ess in the development of electronic components has also made possible the

introduction of many navigation devices not available in the Ig30's _e.Q., VOR/DME/ILS, TACAN, radar,

LORAN, OMEGA, and inertial svstems_.

The various improvements in controls, avionics, and instrumentation will only modestly reduce the

empty weiqht of the airship, but will sianificantly improve its controllability and reliability. Of

course, _ large Increase in acGuisitlon cost will be associated with these modern systems and compo-
nentS, but this will be offset by lower oDer_tinq costs due to manpower reductions.

The operation Of the Ig30's airships was as labor intensive as their Construction. In flight,

large onboard crews were _eouired to constantly monitor and adjust the trim of the ship and maintain

nearly neutral buoyancy. Trim and neutral buoYanCy were maintained by one or more of the following

procedures: valving lifting gas, dropping ballast, transferring fuel or other materials within the

airshio, collecting water From the atmosphere and enQine exhaust, and moving crew members within the

airship. Also, it was not unusual to repair the structure and the engines in flight. It is obvious

that modern structural concepts, engines, avionics, control systems, and instrumentation will decrease

the workload of the onboard crew considerably.

The exoerlence of the U.S. Navy in the IgiO's and IgSO's with nonrigid airships indicates that

modern airships can be designed to have all-weather capability at least equivalent to that of modern

airplanes. High winds and other inclement weather need not endanger the safety of the airship and its

crew either in fliaht or on the ground. However, high adverse winds will continue to have a negative

impact on the operational capability of airships due to their low airspeeds.

Extremely large ground crews were needed to handle the early Zeppelins. These airships were walked

in and out of their storage sheds bv manpower. Up to 700 men were used to handle the Zeppelin military

airships. The first significant change was the develoPment of the high-mast mooring system by the

British. The U.S. Navv then developed the low-mast system, which was more convenient, less expensive,
and allowed the airship to be unattended while moored.

Important developments in around handlino subsequent to the Ig30's were made by the Navy in con-

nection with its nonrioid airship operations. By 1960, the largest nonrigid airships were routinely

beinQ handled on the qround bv small crews that used mobile masts and "mules." These mules were highly

maneuverable tractors with COnstant-tension winches. Some Further improvement in ground-handling
procedures would be possible with a modern airship. Handling "heavy" or hybrid airships would be

particularly easy.



As shown in Fig. 1.6, the flyaway costs per pound of empty weight of the rigid airships of the

Ig30's were comparable with those of transport airplanes of the same era. Since then, the costs of

transport airplanes have steadily risen, even when inflationary effects are factored out, because the
steady introduction of new technology has made succeeding generations of airplanes more sophisticated

and expensive. The increased costs have paid off in increased safety, _eliability, and productivity.

AS discussed above, a modern airship would have several systems and components that are highly advanced

compared with )9)O's technoloov. Thus it seems likely that rigid-airship flyaway costs would follow the

trend of fixed wing aircraft 6Fiq. 1.61, and therefore a modern rioid airship should cost about the same

as an eauivalent weight modern airplane. A modern nonrigid airship could cost somewhat less.
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__. PATROL AND SURVEILLANCE

__.I Mission Characteristics and Vehicle Requirements

It was mentioned in the Introduction that the most successful past employment of airships was their

use ?or ocean patrol and surveillance by the U.S. Navy during World War IS and subsequent years. For

two major reasons, there has been recently a sharp rekindling of interest in improving patrol and sur-

vei!lance caoabillty, particularly over water. First, the rapidly increasing sophistication and numbers

of Soviet combat ships, particularly submarines, have increased the need For deep ocean surveillance

platforms {with high endurance and high dash speeds_ capable of employing a wide variety of electronic

and acoustic devices. Second, the recent extension of territorial water limits to 200 miles offshore

has greatly increased the need for coastal patrols for a wide variety of maritime tasks.

Missions similar to coastal patrol and deed ocean surveillance, in terms of vehicle design require-

ments, are disaster relief and law enforcement.

It is not difficult to see why airships are being considered for this class of mission. Relative

to conventional surface ships, the airship has greater dash speed, is not affected by adverse sea

conditions, and has a better observational vantage point. It is less detectable by underwater forces,
more vlsuallv observable to surface vessels and other aircraft, and can be made less visible to radar.

Relative to other types of aircraft, the airship has the ability to station-keep with low fuel expendi-

ture _and thus has longer endurance), can deliver a substantial payload over long distances, and has

_elatlvely low noise and vibration. In efdect, the airship as a vehicle class can be thought of as

filling the gap between heavier-than-air craft and surface vessels in terms of both speed and endurance

_Fiq. ?.I) anH speed and payload (Fig. ?.2). These Figures are For coastal patrol platforms but the

same could be said For deep ocean surveillance vehicles as well. {n the Final analysis, perhaps the

biggest stimulus For the renewed interest in airships for these missions is the present high cost of
Detrol Pum-based fuels.

THus there are many Fundamental reasons why the airship enjoyed suCCess in its past patrol and

surveillance role with the Navy and why there is considerable interest in this apolIcatlon For the

eutu,e. In Fact, many _ecent studies have arrived at positive conclusions for using airships For these

missions !Refs. _.I-2.6_. However, it must be kept in mind that the airship is not the panacea for all

patrol and surveillance applications. For situations In which either sustained or exceptionally high

dash speed is crucial, or high altitude is highly desirable, or the transfer of large amounts Of material

to another vessel Is required, or hostile forces are present, another vehicle ty_e would likely be supe-

rior. An airship enjoys its hiqh endurance and payload perfor_nance only at low speed and altitudes.

High dash speed is possible, but requires high fuel consumption; therefore, performance will be poor

unless dash speed is used only sparingly. Payload capability falls off rapidly as altitude increases

and, additionally, fuel consumption increases for station-keeplng because of higher relative winds at

higher altitudes.

In view of the premium on endurance in most patrol and surveillance missions, a fully or nearly

fully buoyant airship of classical nearly ellipsoidal shape is indicated, and most recent studies have

considered only this basic vehicle ty_e (Refs. 2.3, 2.5, and 2.7). Because of the dramatic improvement

fn _oftqoods over the ?ast Few decades, mentioned In tt_e_reviou( section, _ttentlo_ has been focused on

the nonrigid concept. Using modern materials, nonrigid airships are now probably superior to rigid
designs at least up to a size of 5 x 106 ft 3 and possibly well beyond. The two major variables af-

fecting vehicle design for the various patrol and surveillance missions are vehicle size {driven pri-
marily by payload and endurance requirements) and degree of "hoverability" _equlred.

It must be mentioned that several operational issues remain at least partly unresolved for airships

performing the missions under consideration here. Manv of these questions will likely be resolved only

by operational experience with actual vehicles. One of these issues is weather. By the very nature of

most patrol and surveillance tasks, any vehicle must be able to operate in an extremely wide variety of

weather conditions. Operational locations cover the entire globe and thus climates range From arctic to

tropical. Missions must be performed in all weather and in fact for some applications, such as rescue

work, operational requirements increase as weather conditions deteriorate. The Navy'S experience with

airships in the 1940'S and 1950's indicates that airships can be designed to have the same all-weather

performance as other aircraft. Even though some doubts still remain, modern design methods should be

able to improve even Further the ability of airships to operate in heavy weather.

Another que(tion iS that of Tow speed control. The classical fuTTy-buoyant large airship, having

only aerodynamic controls, was largely uncontrollable at airspeeds below 15 knots (Ref. 2.7). This

would be operationally unacceptable For most patrol and surveillance missions. This was also a primary

cause of the ground handling problems experienced by past airship o_erations. It is clear that a low

speed control system, probably utilizing propulsive forces, will be required.

The question of hOw to ground-handle airships would seem to be the major unresolved issue. Past

airship operations were characterized _y large manpower eequlrements, large ground facilities, and fre-

Quent damage to the vehicles. Although the U.S. Navy made considerable improvements in its nonrigid

airship operations towards the end, there is still a definite need for improvement. An essential re-

qulrement would seem to be the develol_nent of an all-weather, outdoor mooring system with minimal ground

cr_ requirements. Addition of a low speed control system to the vehicle should help considerably.

Finally, assuming all operational questions have been satisfactorily resolved, the development of

airships for patrol and surveillance will hlnqe on their cost effectiveness in performing these tasks.

Most of these applications can be done by other existing and proposed vehicle tyl)es and therefore a

careful comparative economic analysis will be required.

Sill!



II

2.2 Coastal Patrol

In the past few years there has been a great deal of interest in the use of airships by the U.S.

Coast Guard. This stems primarily from the extension of the limits of territorial waters to 200 miles

offshore and the dramatic increase in fuel prices over the last 10 years. The U.S. Coast Guard and the

U.S. Navy, with support from NASA, have conducted and sponsored numerous studies of the application of

airships to various Coast Guard missions {Refs. 2,1-2.3, 2.7, 2.8). A study of the use of airships in

Canada is reported in Ref. 2.9. Almost without exception, these studies have concluded that airships
would be both cost effective and fuel efficient when compared with existing and planned Coast Guard

aircraft for many coastal patrol tasks.

To Quote Ref. ?.8: "The predominant need within Coast Guard mission areas is for a cost effective

aerial surveillance platform. The object of surveillance may be an oil s11ck, an individual in the

water, an Iceburg or pack ice, small craft, fishing vessel or even a submersible. [In all these cases]

the need exists for the mission olatform to search, detect, and identify or examine. Consequently any
airship desIQn for _oast Guard a_olications must consider the capability to use a varlety of sensors

operating throughout the electromaanetic spectrum. Undoubtedly, the primary long range sensor for most

missions will be some form of radar. It would also be desirable for such a platform to be able to

directly interact with the surface--to deploy and retrieve a small boat; to tow small craft, oil spill
cleanup devices, and sensors; and to deliver bulky, moderate weight payloads to the scene of pollution

Incidents. If an airshlp were capable of routinely directly interacting with the surface, such an

airship could serve as a very effective multlmlsslon platform. However, the airship must serve

pre_ominately as a fuel efficient aerial surveillance platform."

With these basic _equlrements in mind, a recent study (Refs. 2.2, 2.3) identified eight Coast Guard

tasks for which airships seem to be potentially suitable. The characteristics and requirements of these

tasks are listed in Table 2.1. The maximum Capability required for each mission parameter is under-

lined. At the present time, the Coast Guard uses a mix of boats, ships, helicopters, and fixed-wing

aircraft to perform these tasks. However, many typical mission profiles for the applications listed in

Table 2.1 seem to be better tailored to the airship's natural attributes, in that endurance is of prime

importance and high speed dash and precision hover occur only infrequently and for relatively short
duration IRef. 2.1).

To summarize airship vehicle mission requirements, in Ref. 2.8 it is concluded that the following

qualities are needed: _I) Endurance of I to 4 days, depending on cruise speed; (2) dash speed of go

knots; !31 fuel efficient operation at speeds of 20 to 50 knots; (4) controllability and hoverability

in winds from 0 to 45 knots; (5_ ability to operate in almost all climates and weather conditions; and

C61 ability to survive, both on the ground and in the air, in all weather conditions.

Two necent industry studies IRefs. ?.10 and 2.11) have conceptually designed airships to meet the

mission _equirements listed in Table 2.1. The size of airship required ranges From a volume of about
3OO x )03 ft 3 for the Port Safety and Security (PSS} mission to about 1000 x 103 ft3 for the

Marine Science Activities (MSA) mission. All studies concluded that an airship of about 800 x 103

volume and 2000 horsepower could perform every_ssion except MSA, and could even do that mission with a

somewhat _educed capability. The specifications and performance of a tvl)ical Conceptual design are

indicated in Table _.2 (Refs. _.7, ?.IO_. As stated in Ref. 2.7, such a vehicle would employ modern but

proven technoloqy and be well within the size range of past successful nonrigid designs. Therefore, the
technical risk would be low.

The most significant difference in the design of a modern coastal patrol nonrigid airship, as

compared with past Navy vehicles, will be the use of propulsive lift to achieve low speed controllabil-

ity and hoverabilitv. In Fact, the power requirements and the number and placement of proDulsors is

likely to be determined from hoverability requirements _ather than from cruise performance. Such a

vehicle would also be capable of vertical takeoff and landing (VTOL) performance although increased

Payloads would be possible in short takeoff and landing (STOL) operation.

Two different approaches to a modern coastal patrol airship are shown in Figs. _.3 and ?.4 IRe_s.

_.3, _.I0-2.12). The trirotor Goodyear design (the characteristics of which are listed in Table 2.2)

mounts two tilting propellors Forward on the hull and the third at the stern. Movable surfaces, on an

inverted V-tail Supporting the stern propeller and on the wings supporting the forward propellers, pro-
vide forces and moments in hover. A notable advantage of this concept is the greater cruise efficiency

of the stern propeller, resulting from operating in the airship's wake. The quadrotor Bell design is an
adaptation of the Piasecki Heli-stat, or buoyant _uadrotor concept, under consideration for vertical

heavy lift and described in Section 2.2. In the quadrotor approach, two diagonally opposed rotors carry

a steady down load while the other two produce an upward force. By this means, rotor lift Forces are

available for cyclic deflection to produce control Forces and moments. A significant feature of this

concept is that no ballast recovery would be necessary.

A preliminary study of the acquisition and operating costs of the type of maritime patrol airship

just described has been undertaken (Refs.).2_ ?.3). Briefly, this study arrived at a unit cost of

about $5 million per airship (based on a production of 50 unitsl. When the required inves1_nent in

qrounH facilities and traininq IS factored in, the total initial investment cost rises to $6.4 million

per airship. The life-cv_le costs, when prorated on a flight hour basis, were estimated to range be-

tween $750 to $1150 per flight hour, deoendinq on the mission. These costs ar_ very competitive with

those of existing mission-capable aircraft and surface vessels, and a preliminary survey of Coast Guard

needs identified a potential requirement for more than 75 airships. The study concluded that airships

appear to be technically and operationally feasible, cost-effective, and fuel-efficient for many mar-

itime patrol needs.

The remaining unresolved technical issues for a coastal patrol airship a11 have to deal with
hoverability. The following questions all need more precise answers than are available today: What is
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the degree of hoverabillty required for mission effectiveness? What is the best design concept for a

hoverable airship? What is the trade-off between performance in cruise and in hover?

A major step toward answerlna these questions is being taken in the current ?light tests of the AI

50(2)FSkyshipl by the U.S. Coast Guard and U.S. Navy. The AI BQO is a development of Airship Industries

of the United K_nqdom. It is a nonrigid airship of IBI,OOO ft_volume and has many advanced design

features such aS c_oslte mater_al structures and vectored thrust propulsion. In addition to the mar-

itime patrol flight de_onstratlons in the U.S., the airship is beina tested in England for the purpose

of obtaining an airworthiness certificate IRef. 2.13) for commercial and military use.

2.3 Deep Ocean Patrol

AS mentioned previously, there Is increasinq concern over the growing threat of Soviet seapower and

this has led to a renewed interest in airships for patrol and surveillance at locatlons far r_moved from

the shore. As compared to the coastal patrol missions, modern airships for deep ocean missions have

been analyzed in only a very preliminary way. Since the biggest threat seems to be from submarines, we
will concentrate here on the anti-submarine warfare {ASW) class of missions, but applications to sea

control escort, electronic warfare, and oceanography (the latter largely a civil application) will be

considered briefly as well. The principal references for the discuSSion which follows are Refs. 2.4-

?.6, and particularly Ref. 2.4, which Focuses on the ASW mission.

According to a quote in Ref. 2.4, "The Soviet submarine force continues to be a primary threat to

our vital sea lanes of communications and to our naval forces during an armed conflict." A basic

mission need thus exists "...to provide the Navy with an affordable, improved ASW capability to counter

a qrowing submarlne threat to our merchant ships, projection forces, and ballistic missile firing sub-

marines." Compounding the problem is the fact that the oceans are getting "noisier," due to increased
activity From ships, weapons, and counter measures, at the same time that advancing technology is ren-

der(ng submarines "quieter." ASW was a key element of the Navy'S efforts in World War II {Ref. 2.14)

an_ it is clear that, if anything, it will be even more imi)ortant in the future.

Basically, in ASW an area of the ocean must be patrolled in a given period of time to detect,

classify, locate, and either trail or attack the Submarines foun¢. This requires placing a vehicle in

the required location and providina it with the sensors and weapons necessary to perform these duties.

"here is really no one "ASW mission" but rather a wide variety of tasks. Among the mission patterers

which will affect vehicle design an_ performance are: distance to the operating area, time on station,

_eSDonse time, extent of the area to be searched, and the functions to be performed. Because of the

complex nature o? ASW, the U.S. Navy currently depends upon a variety of air and surface platforms and
sensors used in a coordinated manne,. An airship, if developed for this purpose, would work in con-

junction with other vehicle ty!oes, doing only those aspects of ASW for which it is best suited.

It must be mentioned that the airship is by no means the only "advanced concept" being Considered

?or ASW and related Navy applications. Figure 2.5 shows several possible advanced vehicle concepts

including the surface effect ship (SES), the small water area twin hull (SWATH) ship, the patrol hydro-

?oil, the sea-loiter aircraft, the advanced land-based maritime patrol aircraft, and the helicopter and

other V/STOL aircraft. Preliminary conclusions regarding many of these concepts have been positive.

_he recent Advanced Naval Vehicles Concept Evaluation Program has been the most detailed comparative

study of these vehicle concepts to-date (Ref. 2.15). Since not all, if any, of these concepts can be

developed by the Navy in the near future, much careful vehicle analysis remains to be done.

Reference ?.4 has provided a preliminary analysis of the princip)l f_atures of a deep ocean patrol
alrshiD. It would be a conventionally shaped airship of about 4 x I0b ftj volume, provided that re-

fueling at sea is done routinely Cbut probably considerably larger if required to be completely self-

sufficient), It should have a maximum speed of at least B5 knots and a service ceiling of at least

10,000 Ft. The Crew size would be approximately 15-18 people and, with refueling and resupply done at

sea, the airship should be able to stay on station almost indefinlte!y. It is obvious that such a plat-

form would he attractive for many ASW tasks. One of its outstanding attributes is the airship's

capability for carrylnq ASw sensors. Reference 2.4 concludes that an airship can use almost all of the

existing and proposed sensors, althouqh some may require slight modification. As compared to existing

sensor platforms, the airship provides a unique comhlnation of high payload, large size, low vibration,

lonq-term statlon-keeplng ability, and low noise propagated into the water. It would be particularly

effective in towinq large acoustic arrays.

On the neqatIv_ side, airships may have some disadvantages with regards to offensive combat capa-

bility and vulnerability to both weapons and weather. The question of all-weather capability for air-
ships was discussed in Section 2.2, where it was conjectured that this will not be more of a problem

than ?or other vehicles. The question of vulnerability to weapons is perhaps also not as serious a

problem as it would first aDpear. It is true that an airship would be in most respects the most visible

o? all possible ASW platforms. However, the radar cross section could probably be made to be nO larger
than that of fixed-winG aircraft because it should be possible to make the envelope transparent to

radar. An airship vehicle may be no more vulnerable to weapons than any other platform because impact

to the envelope would not be generally lethal. The suitability of an airship as a weapons platform

remains to be _esolved.

Most ships and aircraft in use by any navy are multi?unctional by necessity, and an airship, aS any

new vehicle, would be expected to be likewise. There appear to be several other missions for which an

airship designed primarily ?or ASW could provide support; these include anti-surface warfare, anti-air

war?are, airborne early warning, electronic warfare, mine warfare, logistics resupply, and oceanography.

Many of the airship's natural attributes could be used to advantage in these missions. One interesting

possibility is that the airship could be designed for maximal, instead of minimal, radar cross section

and could be used to simulate a carrier task group. It would also be an excellent platform for elec-

tronic support measures.

Ifli_li
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The potential of airships for sea control and task Force escort missions has been examined in Ref.
_.5. The basic problem is to protect a task force from long-range anti-ship cruise missiles, requiring

over-the-horizon detection. This function is now performed by carrier-based aircraft but they are not

well suited for this purpose and their use in this role decreases the task force offensive capability.

The role of the airship would be to provide standoff airborne early warning (AEW) as well as command and

control for counter attack systems. Reference 2.5 estimates that the use of airships in this way would
increase the cost-effectiveness and striking power of the carrier task force, primarily by freeing

heavier-than-air craft for other missions.

An aspect of the AEW mission which is not well suited to airships is the need for high altitude in

order tO attain as large a radar horizon aS possible. In Ref. ?.5 an operating altitJde of 15,000 ft is

OmOPOSed as a mood compromise between _irship size and radar horizon. At this altitude, for a payload
reauirement of 60,000 Ib, a 7 x ]0nft _ vehicle is required. Thus, although the AEW airship could

perform many ASW tasks, a vehicle designed for ASW would be too small and would have insufficient alti-

tude capability for most AEW tasks.

One final deep ocean mission wMich deserves mention is oceanoqraphy. Although this application is

too limited ever to Justify airship vehicle developenent on its own, if a deep ocean naval airship were

ever developed such a vehicle would have many interestinQ civil and military oceanographic applications

(Ref. ?.6_. 5asicallv, airships could make ocean measurements that are difficult, or impossible, to

make from existinQ platforms. For example, an improved ability to conduct remote sensing experiments of

both the sea surface and the lower marine a_osphere are badly needed. The airship would work in con-

junction with existino satellite systems and oceanographic ships.

TO conclude this section, we paraphrase the conclusion in Ref. ?.4. Lighter-than-air vehicles seem
to be a viable vehicle choice for many ASW missions and other deed ocean missions. Their unique features

give them many advantages over surface vessels and other aircraft for these applications. An ocean

patrol airship would have multimission caoability and would work well in concert with existing vehicles.

Development of such a vehicle would require minimal new vehicle technology and would not require the

_evelooment of new sensor and other systems.
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Envelope Volume, ft3 875,000

Length, ft 324

Diameter, ft 73

Gross Weight, Ib 60,664

Empty Weight, Ib 38,160

Useful Load, Ib 22,504

Static Lift, Ib 52,164

Dynamic Lift, Ib 8,500

Buoyancy Ratio 0.86

Horsepower ReQuired 2,400

Maximum Altitude, ft 5,000

_aximum Speed, knots 97

Range at 50 knots, n. mi. 3,290

Endurance at 25 knots, hr 101

Table ?.2 Goodyear Aerosoace ZP-3G soecifications an_ performance
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3. VERTICAL HEAVY-LIFT

3.1 Mission Characteristics and Market Analysis

Early studies {Refs. 1.1-1.18 and 3.1-3.9) concluded that modern air-buoyant vehicles could satisfy

the need for vertical llft and transport of heavy or out-Slzed payloads over short distances.

There are two reasons that such aircraft, called heavy-lift airships (HLAs), appear attractive For

both military and civil heavy-lift applications. First, buoyant lift does not lead to inherent lim-

itations on payload Capacity as does dynamic lift. This is because buoyant-lift aircraft follow a

"cube-cube" growth law whereas dynamic-lift aircraft follow a "square-cube" law, as discussed in

Section 1.3.

Figure 3.1 shows the history of rotorcraft vertical-llft capability. Current maximum payload of
free world helicopters is about IB tons. Listed in the figure are several payload candidates for

airborne vertical llft that are beyond this IB-ton payload weight limit, indicating a market For

increased lift capability. Noteworthy military payloads beyond the existing vertical-lift capability

are the main battle tank and large seaborne containers. Extension of rotorcraft lift to a 35-ton
payload is possible wlth existing technology (Refs. 3.10, 3.111, and future development of conven-

tional rotorcnaft up to a 75-ton payload appears feasible (Ref. 3.11). With MLA concepts, however,

paylnad capability of up to _O tons _s possible using existing propulsion-system technology or even, if

desired, existing rotorcraft propulsion-system hardware.

The second reason airships appear attractive for heavy lift is cost. Most HLA concepts are

projected to offer lower development, manufacturing, maintenance, and fuel costs than large rotorcraft

with the same payloads; thus total operating and life-cycle costs may be lower. The lower development

cost arises From extensive use of existing propulsion-system technoloqy or hardware, or both, making

major new propulsion-system develoPment unnecessary. Low manufacturing and maintenance costs accrue

because buoyant-lift components are less expensive to produce and maintain then dynamic-lift concepts.
Lower Fuel costs follow directly from lower fuel consumption. As fuel prices increase, the high Fuel

efficiencv of HLAs will become increasingly important. HLA costs and Fuel efficiency will be discussed

in more detail later.

Because the market for vertical lift of payloads in excess of _0 tons iS a new one for aerial

vehicles, the size and characteristics of the market are somewhat uncertain. AS a result, several

studies have been undertaken. Many of these studies have been private]y funded and their results are

oroorietary, but the -esults of some have been published (Refs. 3.B, 3.9, 3.12-3.15). HLA market-study

conclusions have been oenerally Favorable. Table 3.1 summarizes the results of one of these, the

NASA-sponsored study of civil markets For HLAs (Refs. ].12, 3.13).

The HLA civil market tends to fall into two categories. The first consists of services that are

now or Could he performed by helicopters, hut perhaps only on a very limited basis. Payloads are low to

moderate, _anoina from about 15 to BO tons. Specific markets include logging, containership offloading

{of interest also to the militaryl, transmission tower erection, and Support of remote drill rigS. HLAs

woul_ be able to capture greater shares of these markets than helicopters because of their projected

!ower operating costs. Most of these applications are -elatively sensitive to cost. The largest market

in terms of the potential number of vehicles required is IoaginQ.

The second HLA market category involves heavy payloads of IBO to 800 tons--a totally new applica-
tion of vertical aerial lift. This market is concerned primarily with support Of heavy construction

projects, especially oower-generatinq plant construction. The availability of verticai aerial lift in

this payload ranoe will make the expensive infrastructure associated with surface movements of heavy or

bulky _tems largely unnecessary. It would also allow more freedom in the selection of plant sites by

eliminatinq the restrictions imposed by the necessity for readily accessible heavy surface transporta-

tion. Further, it could substantially reduce construction costs of complex assemblies by _llowing more

extensive ore-assembly _n manufacturing areas. This application is relatively insensitive to cost of

service. There would be military as well as civil application of ultraheavy lift.

The classical fully-buovant airship Is unsuitable for most vertical heavy-lift applications because

of poor low-speed control and ground-handling characteristics. Therefore, almost all HLA concepts that

have been proposed are of the "hybrid" type. Because buoyant lift can be scaled up to large sizes at

low cost per pound of lift (as previously describedl, it is advantageous from a cost standpoint in

hybrid aircraft to provide as much of the total lift as possible by buoyancy. The Fraction of total
lift derived by dynamic or propulsive forces is determined primarily by the amount of control power

required. The dynamic Forces, therefore, provide propulsion and control as well as a portion of the

total lift.

The characteristics of hybrid aircraft and their potential For the heavy-lift mission were first

clearly recognized by Piasecki FRefs. 1.12, 3.3_, by Nichols fRef. 3.2), and by Nichols and Doolittle

(Ref. 3.6). References 3.2 and 3.6, in particular, describe a wide variety of possible hybrid HLA

concePtS. In the following sections, specific hybrid airship concepts for heavy-lift applications will

be discussed.

3.2 Buoyant Quad-Rotor Concept

A heavy-lift airship concept which has received a great deal of attention is the buoyant Quad-rotor

_BOR} which combines helicopter engine/rotor systems with airship hulls. This basic idea is not new.

In the taCO's and la30's a French engineer, E. Oehmichen, not only conceived this idea, but successfully

built and flight-tested such aircraft, which he called the Helicostat (Ref. 3.8_. One of his first

designs CFiq. 3._aI had two rotors _riven by a sinale engine mounted beneath a cylindrical buoyant
hull. According tO Ref. 3.8, Oemichen's purpose in addinq the buoyant bull tO the rotor system was

IIliI!
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threefold: "...to provide the helicopter with perfect stability, to reduce the load on the lift-rotors,

and to slow down descent with optimum efficiency."

Oehmichen's later effort was a auad-rotor design with two rotors mqunted in the vertical plane and

two in the horizontal (Fig. 3.2b_. The hull was chanQed to an aerodynamic shape more characteristic of
classical airships. Existina motion pictures of successful flights of the Helicostat demonstrate that

the BC)R concept was proven feasible in the ig30's.

The modern form of the concept was first proposed by Piasecki (Refs. 1.12, 3.3). Piasecki's idea

is to combine existing, somewhat modified, helicopters with a buoyant hull as exemplified in Figure

3.3. The configuration shown in Fioure 3.3 will be called the "original" B0R concept. The attraction
of the idea lies in its minimal development cost. In particular, no new major propulsion-system com-

ponents would be needed _pronulsion systems are historically the most expensive part of an all-new

aircraft development1. A fly-by-wire master control system would command the conventional controls
within each helicopter to provide for lift augmentation, propulsive thrust, and control power.

Other variants of the BQR idea are currently under study. A design by Goodyear Aerospace (Ref.

3.16% is shown in Figure 3.4. As compared with the original concept (Fig. 3.3), this design _called the

"advanced" concept) has a new propulsion system, auxiliary horizontal-thrusting propellers, and aero-

dynamic tail surfaces and controls. The four propulsion system modules would make extensive use of

existing rotor-craft components and technology but would be designed specifically for the BQR. The

horizontal-thrusting propellers would be shaft-driven from the main rotor engines. These propulsion

modules would be designed more for hlah reliability and low maintenance costs, and less for low empty

weight, than are typical helicopter propulsion systems. They would be "derated" relative to current

systems, leading to further reductions in maintenance costs.

In a revival of the Helicostat concept, a buoyant dual-rotor HLA has been studied by Aerospatiale

CRef. 3.8). It would use the engines and rotors from a small helicopter, but propellers would be fitted

for forward propulsion and yaw control (Fig. 3.5). Payload would be about 4 tons; the principal appli-

cation is envisioned to be logging.

The performance capability of the BQR design [Fig. 3.3) was examined in the feasibility studies of

Refs. ].12-I.1A and 1.16 and is listed in Table 3._ This desian employs four CHS4B helicopters, some-

what modified, and a nonrigid envelope of 2.5 x 10_ ft 3. Totai gross weight with one engine

inoperative is about 325,000 lb., of which 150,OOO lb. is payload. Empty-to-gross weight fraction is

0.455 and desian cruise speed is BO knots. Range with maximum pavload is estimated to be 100 n. mi.;

with the payload replaced bv auxiliary fuel, the unrefueled ferry range would be more than 1,000 n. mi.

In References 1.12, 1.16, and 3.3, the ratio of buoyant-to-total lift f_) is chosen so that the

vehicle is sliahtly "heavy" when completely unloaded. In effect, the buoyant lift supports the vehicle

empty we iQht, leavino the rotor lift to Support the useful load Ipayload and fuel). A different
approach has been suoqested and studied by Bell eta]. (Ref. 3.17). Bell etal. proposed that _ be

selected so that the buoyancy supports the empty weight plus half the useful load. It is then necessary

for the rotors to thrust downward when the vehicle is empty with the same magnitude that they must thrust

upward when the vehicle is fully loaded. This same principle has been used in the studies of the rotor-

balloon, discussed in the following section. Use of the approach suggested by Bell etal. (high _), as

opposed to the approach assumed in Table 2.4 (low _), has the potential of offering lower operating

costs since buoyant lift is less expensive than rotor lift. Also, the Bell approach has better control

when lightly loaded, because higher rotor forces are available. In comparison, the low £ approach may

result in a vehicle that is easier to handle on the ground rslnce it is heavy when empty) and one that

is more efficient in cruise or ferry when lightly loaded or with no payload (because of low rotor

Forcesl. Selection of the best value of 2 depends on these and many other factors and will require a

better technical knowledge of the concept.

The BOR vehicle will be effficient in both cruise and hover compared with conventional-design

heavy-lift helicopters (HLH). This arises primarily from the cost advantages of buoyant lift when
compared with lift on a per-unit-of-lift basis, as discussed earlier. Fuel consumption of the BQR

vehicle in hover will be approximately one-half that of an equivalent HLH. Relative fuel consumption of

the BQR in cruise may be even lower because of the possibility of generating dynamic lift on the hull,

thereby reducing or eliminating the need for rotor lift in cruising flight.

When cruising with a slung payload, the cruising speeds of HLH and B0R vehicles will be approxi-
mately the same since external load is generally the limiting factor on maximum speed. When cruising

without a payload, as in a ferry mission, the speed of the BQR will be lower than that of an HLH. The

many HLA studies have shown, however, that the higher efficiency of the B0R more than offsets this speed

disadvantage. Therefore, the BOR should have appreciably lower operating costs per ton-mile in either
the loaded or unloaded condition.

Total operating costs per ton of payload per mile in cruise flight are compared in Fig. 3.6 (based

on data provided by Goodyear1. The figure shows that the advanced BOR concept offers a decrease in

operating costs by as much as a factor of 3 compared with existing helicopters. Of course, much of this

cost advantage results from the larger payload of the BOR (approximately eight times larger). Operating

costs in cruise flight of the advanced concept are lower compared with those of the original concept.

This arises from the use of propellers instead of rotor cyclic pitch for forward propulsion, From lower

assumed propulsion maintenance costs, and from lower drag due to a more streamlined interconnecting

structure. The advanced Concept BC]R would be particularly efficient when cruising lightly loaded (as in

ferry), since it would operate essentially as a classical fully-buoyant airship.

Studies have shown that precision hover and station-keeping abilities approaching those of proposed

HLHs are possible with B0R designs (Refs. 1.12, 3.3, 3.18-3.20). Automated precision hover systems

recently developed for an HLH (Ref. 3.10) can be adapted for B0R use. Recent studies of BQR dynamics

and control are reported in Refs. 3.21-3.24.
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In aprogramFundedbytheU.S.ForestServiceandmanaged by the U.S. Navy, Piasecki Aircraft

Corporation iS currently assembling a demonstratl_n vehicle of the B0R type. The flight vehicle will
combine four H-34 helicopters with a I,OOO,OOO ?tj nonrigid envelope. It will have a 25-ton payload

and will be used to demonstrate aerial logglng.

3.3 _otating Concepts

An early hybrid HLA concept, which has subsequently received a significant amount of study and some

initial develoPment, is a _otor-balloon con?iguratlon Icalled Aerocrane by its inventors, the All Amer-

ican Eng!neerino Comoanvl. Early discussions of this concept appear in References 3.1, _.2, 3.5-3.7;
two versions of the Aerocrane are depicted in Fig. 3.7. The original configuration consisted of a

spherical helium-inflated balloon with ?our rotors _airfoils) mounted at the equator. Prooulsors and

aerodynamic control surfaces were mounted on the rotors. The entire structure (except the crew cabin

and payload support, which were kept stationary by a retrograde drive system) rotated (typically at a
rate of 10 rOm) to provide dynamic rotor lift and control. Principal applications envisioned For the

rotor-balloon are logging and containership oFfloading.

Study and technology development of the rotor-balloon concept have been pursued by All American

Engineering and others, partly under U.S. Navy sponsorship. Emphasis of the program has been on

devising a suitable control system. A remotely controlled flying model was built to investigate

stability, control, and Flying Qualities _Fig. 3-8), Results (Refs. 3.25-3.27) have shown that the
rotor-balloon is controllable and that it promises to be a vehicle with a relatively low empty-to-gross

weight ratio and low acaulsition cost across a wide range of vehicle sizes. Technical issues that
emerged were (I) the magnitude and e_fect of the Maonus force on a large rotating sphere and (2) the

highacceleration environment (about 6 g in most designs) of the oropulsors.

AltHouQh the rotor-balloon technical (ssues are thought to be solvable, two characteristics emerged

as being operationally limitino. First, larQe vehicle tilt angles were required to obtain the necessary
control Forces in some ooeratino conditions. Second, the high drag associated with the spherical shape

_esulted in very low cruise speeds, tvpIca1_y 25 mph For a 16-ton payload vehicle. This low speed meant

that operation in winds of over ?O moh probably was not posslble and that the efficiency of operation in
even liQht winds was siqni?icantly degraded. Even with no wind, the low speed resulted in low produc-

tivity. THus, the original rotor-balloon concept was limited to very short-range applications in very

light winds.

THe advanced confiouration rotor-balloon depicted in Figure 3.7 fRef. 3.28) is designed to overcome

the operational shortcomings of the original concept. Winglets with aerodynamic control systems are

fitted to allow generation of laroe l_teral-control forces, thereby alleviating the need to tilt the

vehicle. A lenticular shape % used for the lifting gas envelope to decrease the aerodynamic drag. The

increase in cruise speed of the advanced concept is, however, accompanied by some increase in design

complexity and structural _eiqht.

A more substantial departure from the original Aerocrane concept has been proposed recently. The

Cvclo-Crane (Refs. 3.2g, 3.30) is essentially a new WLA configuration concept CFig. 3.9). It consists

of an ellipsoidal lifting gas envelope with four strut-m_unted airfoils at the midsection. The pro-

ou!Sors are also located on these strutS. This entire structure rotates about the longitudinal ixis of

the envelope to provide control _orces during hover. Isolated From the rotating structure by bearings

are the control cabin at the nose and the aerodynamic surfaces at the tail. The payload is supported by

a slina attached to the nose and tail. The rotation speed and yaw angles of the wings on their struts

are controlled to keep the airspeed over the wings at a constant value; namely, a value equal to the

vehicle cruise s_eed. Thus, For hover in still air, the wingspan _xes are aligned with the envelope

_ongltudinal axis. AS Forward speed is increased, the vehicle ,otational speed decreases and the wings

_re vawed until, at cruise speed, the rotation iS stooped and the wingspan axes _re perpendicular to the

forward eel ocity. Hence, in cruising _!iqht the CycIo-¢rane acts as a winged airship.

Preliminary _nalvsis of the Cyclo-Crane has indicated that a cruising speed of 670 mob would be

possible with a 16-ton payload vehicle and that the economic performance would be Favorable (Re?.

3.311. the Aerolift Company is currently building a Cyclo-Crane fliQht demonstration vehicle at

Tillamook, Oregon. It is scheduled to be fliQht tested in loaging operations in io85.

Another recent rotating hybrid airship concept under development is the LTA 20-I of the Magnus

Aerospace Corporation (Refs. 3.32, 3.33_. The configuration COnSists of a spinning hellum-filled

spherical envelope and a rinQ-wlng tvoe oondola (Fig. 3.10). The combination of buoyancy, Magnus lift,
and vectored thrust ?esult in a vehicle with controllable heavy-lift capability.

3.4 Other Concepts

Perhaps the simplest and least expensive of the HLA concepts are those which combine the buoyant-

and dynamic-lift elements in discrete ?ashlon without major modification. Examples, taken from Refer-

ences 1.7 and 3.6, are shown in Figure 3.11. Although such systems will obviously require minimal

develoPment of new hardware, there may be serious operational problems associated with them. Safety and

controllability considerations would likely restrict operation to Fair weather. Further, cruise speeds

would be extremely low. The concept from Ref. 3.6 that is shown in Figure 3.11 was rejected by the

authors of Ref. 3L6because of the catastrophic failure which would ?esult from an inadvertent balloon

deflation.

Another approach to heavy lift with buoyant Forces is the clustering o? several small buoyant

elements. Examples of this are the ONERA concept (Ref. 1.7) and the Grumman concept (Re?. 3.34) shown

in Fig. 3.12. In the Grumman idea, three airships of aooroximately Conventional design, such as the o-e
shown, are used to lift moderate payloads. When heavy lift is needed, the three vehicles are lashed
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togethertemporarilywhilein theair. Thetechniquefor Joiningthevehiclesandthecontrollability
of thecombinedsystemneedfurtherstudy.

Finally,anotherHLAconceptthathasreceivedsomeattentionis the"ducted-fanhybrid"shownin
Fig.3.13{Ref.3.6). In thisvehicle,a toroidal-shapedlifting gO,envelopeprovidesaductorshroud
for acentrallylocatedfanorrotor. Therehasbeentoolittle studyof theducted-fanhybrid,
however,to permitanassessmentof its potential.
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Marketarea
Useful Numberof
load, vehicles
tons required

Heavy-lift
Logging 25-75 >1000
Unloadingcargoin congested

ports 16-80 200
Hioh-voltaaetransmission

towererection 13-25 10
Supportof remotedrill-rig

installations 25-150 15
Ultraheavy-lift

Supportof power-generating
plantconstruction IBO-gO0 30

Supportof oil-gasoffshore
platformconstruction 500 3,

Othertransportation 25-800 10

Table3.1 Principalheavy-liftairshipmarkets

Grossweight,a lb 37_,Q50
Rotorlift, lb 180,800
Buoyantlift, Ib !44,150

Emptvweight,lb 148,070
Usefulload,aIb 176,_00
Payload,Ib iSO,O00
Staticheaviness,aIb 3,Q20
Envelopevolume,ft3 2._x 106
Bal!onetvolume,ft ! 5.75x I_5
Ballonetceiling,ft ],500
Hull¢inenessratio 3.?
Designspeed (TAS), knots 60

Design range
With maximum _ayload, n. mi. I00

No payload, n. mi. 196

Ferry, n. mi. 1,150

aSea level, standard day, 93% inflation,

one engine out, reserves for 100 ft/min climb.

Table 3.2 Weight statement and _erformance of

75-ton buoyant quad-rotor, original concept
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Fig. 3.3 Buoyant quad-rotor, original concept

(Hel(*Stat)

Fig. 3.4 Buoyant quad-rotor, advanced concept
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HOVER

Fig. 3.9 Cyclo-Crane concept

CRUISE

Fig. 3.10 Rotating sphere concept
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Fig.3.11Combineddescreteconcepts

GRUMMAN

Fig. 3.12 Multielement concepts

ONERA

r = =,



29

Fig. 3.13 Oucted-fan concept
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4. HIGHALTITUDEPLATFORMSbyNormanMayer,NASAHeadquarters(Ret.)

4.1 Military and Civil Needs

The obvious benefits of aerial observations caused the balloon to be used as a military surveillance

platform only I0 years after its conception and develoPment by French experimenters in the IBth Century.

Cables or lines between the balloon and ground anchor points were used to achieve fixed Spatial loca-

tions. Improved more stable tethered balloons were developed later using cylindrical or elliosoidal

envelope forms equipped with air in?Tared tall surfaces. These t_es were used in World War I as manned

observation platforms and in World War I and II as unmanned "barrage balloons, to discourage low alti-

tude aerial attack. Tethered balloons continue tO serve as sensor platforms and for other applications

in military service. Civil versions are currently being used as teleconlnunications centers flying at

3000 m altitudes.

THere are also important military and civil applications for platforms which can fly at altitudes

beyond the capabilities and limitations o? tethered systems. Since much success has been achieved with

free flying stratospheric balloons, it has seemd reasonable that this technology could be applied to

development of powered versions with statlon-keeplng Capability; nainely, high altitude airships or dirig-

ibles. Consequently, a number of develoPmental programs and studies have been addressed to achieving

this objective. THis section is a review of these efforts.

Two prime military needs continue to require improved observational or sensing techniques: (I)

early evaluation of threat danger, and (2) location and neutralization of enemy forces. In modern

times, these needs have driven sensinq altitudes into the stratosphere and even beyond into space.

Satellites and airplanes perform some of these required functions but are limited by payload capacity,

location flexibility, and High cost _Ref. 4.11.

Sensing of over-the-horlzon information is limited by current line-of-sight frequencies used in

communications and in weapons ouidance equipment. Therefore hlgh altitudes extend sensing distances.

Defense scenarios can involve months of observation time but also require ready deployment of an
observation and communications platform at very particular locations. Thus both long endurance and

-elativelv r_oid _eDlov_nent are important.

A h_gh altitude platform at 71,000 m can extend a detection perimeter outward to a radius of 33

nautical miles C_O0 kml for surface threats and to 440 n. mi. (BOO km) for aircraft flying at 3000 m.

Since the platform can be located at the radius distance From the command and control center, the

distances between the threat and the target are essentially doubled relative to existing aircraft. This

_rovides more time for _etectlon and interception (Ref. 4.2)°

Turning to civil needs, a Hioh altitude geo-stationary platform can provide many of the functions
of svnchronous satellites plus a host of other services at a fraction of the cost (Ref. 4.3). Conti n-

uous regional coveraqe without the radio Path losses associated with space-based systems is possible. A

_urther national advantage is the avoidance of the problem of frequency saturation and other

international complications.

Civil telecommunications is the outstandino application for platforms and would include the fol-

lowing services: (I) Direct TV home telecast, {2) Remote area telecast, (3) Communications experiments,

r4) Educational and medical information, and (S_ Mobile telephone relay and personal receivers.

Other potential benefits have also been identified CRefs. 4.3, 4.4) such as: (I) Forest area sur-

vei?)_nce, (2) roe mappino, {3) Coastal surveillance of air and sea traffic, pollution mon_torlng and

weather observation, and (4) Scientific experiments.

A.? Vehicle Basic Requirements

M_nimum expenditure of energy for station-keeplng requires operation in minimum winds. All studies
of platforms have assumed, therefore, that the operating altitudes would be in the stratonull region of

the atmosphere. This iS a zone of low winds, which varies in dimension and altitude depending on loca-

tion and season. For airship design, a nominal pressure altitude of 50 mb. has been assumed which under

standard conditions equates to a geometric altitude of approximately ?0,700 m.

Detailed analyses of wind data show that design for a peak velocity of SO knots would satisfy a g5

percentile probabilltv for operations over most U.S. locations 6Ref. 4.5), and design for 75 knots would
be sufficient for most worldwide points of interest (Ref. 4.6l.

The maintenance of flight at any altitude requires elimination of, or provision for, changes In

static lift caused by al:nos_herlc and radiation effects. The most important is the variation in super-

heat, which is the differential temperature between the liftinq gas and the atmosphere. Low pressure

scientific balloons on short endurance flights use a combination of gas venting (to control rise) or

dropping ballast (to stop descent). Low altitude airships are able to use aerodynamic llft (positive or
negative) while under way. This latter means is also available to high altitude platform types, and

studies have shown that the magnitude of the compensatinq forces required do not exceed the capabilitles

of the airships to generate them (Ref. 4.7). However, ?lying the airship at some pitch angle may com-

promise its mission performance. A further disadvantage Is the need for circling flight (to maintain

station) when wind velocities are below the airspeed required For aerodynamic lift.

Another means of altitude control is the use of superpressure. Thls principle involves maintaining

a constant volume of lifting qas while allowing the internal pressure to vary between that required for

structural integrity and aerodynamic function and that produced by superheat effects. This principle Is

used in hlgh Pressure scientific balloons where long endurance and constant altitude is required and
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works well. It involves use of stronger, hence heavier, envelopes and therefore larger envelope volumes

are required for equivalent payloads.

Vectored thrust could be considered where propellers or rotors are used to produce vertical thrust

similar to the hybrid heavy-llft airships descrlbed in Section 3. These t)_es would be heavier and

have higher Crag for a given payload and may also complicate the accommodation of payloads.

Other methods of controlled llft could include use of artificial superheat at night (derived from

propulsive heatl; that is, liftina gas could be compressed and stored in the daytime and released at

niqht. Alternatively, compound aas Systems, employing the ballasting effects of vapor-liquid gas

states, could be used (Ref. 4.81.

Each approach has its advantages and limitations. The only one used for long endurance balloons

thus far has been the superpressure principle. High altitude conditions allow consideration of concepts

which would not be oractical for low altitude airships, such as the gas compression principle which is

limited to low rates of gas volume change.

At the _0 mb pressure altitude, the air density is only 0.06 that of sea level. This requires a

94 percent qas volume change between launch Cot takeoff) and operating altitude. One method of accommo-

dating this change is to launch the airship as a free balloon with a small bubble of helium in the top

of its envelope. In this case, the airship must be Flown initially with its major axis vertical and

most of the envelope suspended in a Flaccid condition. The ascent to altitude is a drifting flight and

essentially uncontrolled. Launch is limited to the same conditions as those for balloons, namely low

winds.

A second method requires the airship to be Fully inflated (94_ air) and launched like a conven-

tional low altitude airship. Under these conditions, the vehicle can be flown to altitudes under

control. A disadvantage is that of ground-handling a large airship in such manner as to avoid damaging

the structure. This method offers some flexibility over the balloon launch technique but is also lim-

ited to times of very low winds on the ground,

The choice of design concepts involves the many interrelated f_ctors usually associated with air-

craft desion; but for hiQh altitude airships, which take about 17 mJ of helium to lift i kg Cat 50

mb), most design choices are heavily influenced by their effects on weight.

4.3 Early Projects and Studies

Some initial Investiaations utilized powered scientific balloons as platforms. Two experiments

fHI-PLATFORM I and POBAL) were flown bv the U.S. Air Force in the Ig60's using natural shaped polyethyl-

ene balloons to suPPort battery-powered propulsion modules. A later Air Force project involved a small

solar powered airship (HI-PLATFORM If). This was flown at 20,420 m for a total of 2 hours (Ref. 4.9).

The first major effort toward long duration flight was a U.S. Navy sponsored program known as High

Altitude Superpressure Powered Aerostat (HASPA). This program was designed to demonstrate station-

keeping at 21,335 m while supportina a 90 kq payload for a fliqht duration of 30 days. An airship
approach was used employing a modified class C envelope shape with a volume of 22,656 m j. Constant

altitude control was to be achieved using the superpressure principle. Propulsion was provided by

electric motors driving a vectorable (for control) stern mounted propeller. Electric power was to be

furnished from batteries, fuel cells, or solar cells. Launch was to be accomplished in the Free balloon

manner, and only the payload and power SUpply system were to be recovered. Two flights were attempted
but none were successful due to materiel Failures at launch. The program was subsequently terminated

and replaced by HI-SPOT (Ref. 4.10). These early programs are summarized in Table 4.1.

The U.S. Navy Program, "Hiqh Altitude Surveillance Platform for Over the Horizon Targeting --

FHI-SPOT)," incorporates the major objectives of HASPA but also includes a mission scenario. The latter

requirement involves launch from a U.S. base, flight at Ig-22,000 m altitude over a distance of 6000

nautical miles to station-keeping location for a Ig-day surveillance period {assuming 44.6 knot average

winds) and carrying a 250-kg payload. Transit to and from the station assumes utilization of wind
patterns so that power and fuel requirements are equivalent to flying a round trip of 1000 nautical

miles in )till air. These requirements have resulted in a vehicle design concept with a hull volume of
141,600 m , a maximum speed of 75 knots, and equipped with a 15B H.P. propulsion system (Figs. 4.1 and

4.2).

A key feature of the HI-SPOT concept is a low draq envelope. This design is based on the principle
of maintainlnq a laminar flow boundary laver over the forward half of the hull. This is achieved by

using a Carmlchael" dolphin shape (Ref. 4.11), with its maximum diameter located at 50-601( of the hull

length. Very smooth and accurate hull contours are also required and if these can be achieved, a total

Crag coefficient of 0.016 is expected.

The HI-SPOT would use a "4 layer" envelope material designed to minimize diurnal temperature

effects. Power is provided by a hydrogen fueled internal combustion system driving a single gimballed

propeller which is also used as the primary means of directional control. High metacentric stability is

relied upon for longitudinal balance and augmented by trimming effects from ballonets and water ballast.

The HI-SPOT airship is intended to be launched and recovered as a constant volume hull; i.e., com-

pletely inflated at all times. Helium and air would be separated by two bulkheads and three ballonets

for trim control during takeoff and climb. Once maximum altitude is achieved, a super-pressure mode

could be used. Constant mass would be maintained by use of engine exhaust water recovery. It is

planned to allow air to mix with helium on descent and use ballonets for trim (Ref. 4.12).



32

Initial studies of the concept have been completed. The next phase, if aCCompllshed, would include

scaled demonstration flights and some technology development.

The benefits projected For the use of high altitude powered platforms (HAPP) for telecommunications

and other civil applications have been investigated in a series of studies by NASA which focused on

missions, power supply systems, and vehicle concepts. All of these studies were based on the assumption

of a geo-stationary vehicle operating at the BO-mb level over various sites in the U.S. It was also
assumed that the airship would be launched and recovered at or near the locations over which it would

fly, and essentially no transit would be required. These requirements allow serious consideration of
the use of miCrOWaVe energy projected frem a ground station as a power source for propulsion and pay-

load. On this basis the endurance of the airship is not limited by fuel supply, and very long time on

station becomes a possibility (Ref. 4.13).

Several concepts have been considered in studies of the HAPP vehicle. A first approach assumed _se

of a conventional nonrlgid-type hull equipped with ballonets and using dynamic lift to counteract static
lift changes. Subsequently, hull shapes similar to the HI-SPOT have been identified as more desirable.

The difference in requirements between the military and civil systems and the use of microwave power

results in a much _maller airship. The HAPP would lift a 675-kg payload but would only need an envelope

volume of 70,800 m j {Ref. 4.141.

4.4 Propulsion

At present, there are no existina propulsion systems which are readily applicable to high altitude

o!atforms. Some near term configurations may be possible using existing components, such as photovol-

taic units and electric motors; but in general, a technoloqy development program is indicated for any

operational applications. There are several basic power options for propulsion of high altitude plat-

forms. These include: chemical, electro-chemical, electro-radio, electro-optical, nuclear, and solar-
thermal. Some of these are compared in Fig. _.3 which assumes a constant cruise requirement of 75 knots.

The interrelationship between mission, vehicle, and power train requirements dictates the choice of a

suitable system. For example, a vehicle which must cruise from base to a distant location, such as the

HI-SPOT, is not able to use microwave power even though this is the most efficient system. Likewise,

spree of the other systems _solar cells) which do not change weight with duration are not applicable
because the surface area requirements are excessive.

Other aspects which must be considered include minimum fuel consumption, high reliability, low heat

generation and/or hiqh heat rejection capability, minimum hazard effects Cwhich tend to rule out nuclear

systemsl and low development risk and cost. AS previously noted, high altitude airships are extremely
sensitive to weight effects, so that minimum mass/thrust power ratio remains a most important criterion.
These various f_ctors were considered in current studies of military and civil vehicles and the propul-

sion systems were chosen accordingly.

The propulsion sYstem for HI-SPOT has been projected as a liquid-cooled, turbocharged, reciproca-

ting engine assembly driving a single 26 m dia. propeller and fueled with hydrogen. The engine assembly

would consist of four four-cylinder powerplants each oroducinq 3g kw of Dower. They would be coupled to

the single prooeller shaft through a 30:1 reduction gear. The hydrogen fuel would be stored in liquid

Corm in spherical insulated tanks. Air would be delivered to the engines via a 20:1 turbocharger. The

choice of this approach included, among other things, the state of technoloqy development for the

COmponents involved.

The very high endurance of the HAPP vehicle and the non-transit aspect allowed a choice of the low

mass/power ratio system available in microwaves. The transmittal of microwave power is also considered

as a near term technoloqy. This system involves generation of microwave frequency energy on the ground,

beaming this energy to the aircraft using a suitable transmitting antenna, receiving the microwaves on

the airship and converting them to OC electric power. A rectifying antenna on the airship accomplishes

this latter function. The power density in the microwave transmission can be selected to enable prac-

tical size of antennas and rectennas to be used. A transmitting frequency of 2.45 GHZ was used in all

studies since it is relatively insensitive to atmospheric attenuation, represents a current state of

development, and is acceptable from a hazard standpoint.

If it is assumed that part, or perhaps all, of the envelope is transparent to microwave energy, the

rectenna can be mounted within the gas or air space to obtain minimum drag.
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Project name Aqe_cy Type Vehicle Contractor,s) Flight Status Results
Date

HiQh Platform I A.F. 3000 m 3 Free Goodyear/ 9-68 Co(nplete Demonstrated initial

Balloon * Pow- Winzen feasibility at
ered Gondola 21,335 m.

High Platform II A.F. I04B m3 Air- Raven 5-70 Complete 2 hr. flight _t

ship 20,420 m. Solar pow-

ered -- balloon

launched.

Hiqh Platform lit A._. 16,ggo m3 Raven Study Complete Study completed 8-71.

only Stern propelled --

solar powered

concept.

POBAL A.r. 20,136 m 3 tree Goodyear g-72 Complete 3 hr. flight at

Balloon + Pow- 18,287 m.
ered Gondola

HASKV A._. AirShip Raven Study Completre Completed 12-73.

only Defined requirements

for utility vehicle.

gO kg payload.

_OBAL-S A.F. 28,3?0 m3 Raven Study Complete Completed design

Airship only 3-74. Fuel cell

powered. 7 day dura-

tion -- 90 kg payload.

HAS_A _avv ??,_56 m3 Martin/ Launch Termin- Failed on launch--

Airship Sheldahl 3-76 ated material & opera-

tional problems --

90 kq Payload.

Table 4.I OOO high altitude platform projects

fillIi



AIRSHIP

• VOLUME 142 km 3

• LENGTH _ 150 m

• DIAMETER _ 50 m

• SPEED 75 knot=

POTENTIAL MISSIONS

• AIR/SEA SURVEILLANCE

• COMMUNICATIONS RELAY

• SENSOR READOUT

• SIGINT COLLECTION

• ACTIVE ELECTRONIC

WARFARE

• PAYLOAD TEST BED

PE R FORMANCE

CHARACTERISTICS

• PAYLOAD

CHARACTERISTICS

- WEIGHTS > 250 kg
- POWER "> 5 kW

- VOLUME > E m 3

• OPERATIONAL

CHARACTERISTICS

- RANGE > S,000 nm

- ALTITUDE 19-22 km

- ALL SEASONS

- LATITUDE 0.90 °

- STATION KEEPING

< 100 km (92%)

- LIFE > 30 diys
- REUSABLE

Fig. 4.1 High altitude surveillance platform

for over-the-horizon targeting
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ORANGE PEEL > 10 m DIA.
360: ROTATION

PAYLOAD

AVAILABLE

UME

TYPICAL TYPICAL
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"'-'OOWNLINK AND ','.
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Fig. 4.2 Typical antenna installations
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o 3o _o _ _o JIS0
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Fig. 4.3 Powertrain alternatives



36

5. TRANSPORTATION MISSIONS ANO VEHICLE CONCEPTS

5.1 Background and Historical Trends

As mentioned in Section I, one of the past uses of airships was commercial long-haul transportation

by the Zeppelin Company. This mission has also received attentlcm in m_y co_}rehensive studies of

modern airships, such as the Feasibility Study of Modern Airships (Refs. 1.1-1.181, and has been the

primary focus of many other assessments (Refs, 1.12, 1.23, S.l-l.IB). Our main goal in this section will

be to analyze the potential of modern airships to compete In the transportation market.

The rapid growth of air transportation over the last SO years has been due primarily to the

economic gains resulting From the steadv increase In the size and cruise speed of transport airplanes.

Historically, productivity 6cruise speed x payload weight) has been the most important parameter In

long-haul transportation because higher productivity leads directly to higher revenues and lower oper-

ating costs per ton-mile. The economics of size are obvious, but the economies of speed are frequently
mlsu_derstood. High cruise speed is desirable for many reasons. First and most importantly, at least

to the operators, hlqher speed means the hourly-based components of operating cost may be spread out

over morm miles and thus costs per mile wlll be lower.

A second advantage of a hioher speed air vehicle is that it is less susceptible to weather delay
than a slower one because headwinds will have less of an effect on ground speed, and adverse weather can

be more easily avoided. Finally, there is the customer appeal of shorter trip times.

_ecent increases in airplane speed have been oosslble because the flight efficiency of the Jet

transport airplane tends tO increase wlth increasing speed, at least up to about Mach 0.8. Of course,

it has taken a great deal of development to realize the high speeds and Flight efflciencles of today's

airplanes.

The effect that increasing productivity has had on transcontinental air fares is discussed in Ref.

I.??. In the early days of commercial alrplane transportation, fares dropped rapidly until about the
time of the introduction of the DO-3. Then, fares remained aoproxlmateIy Constant for nearly 30 years.

Thus the increasing productivity had the effect of nullifying inflationary effects for three decades,

and air travel was a much better value in real terms in _967 then it was in 1937. More recently, fares

have tended to follow the general inflationary trend. This Is primarily true because there have been no

speed increases since 1958.

The effect of cruise speed on the flight efficiency of fully-buoyant airships is quite different

Fro_l that of airplanes. The flight efficiency of fully-buoyant airships inevitably and rapidly de-

creases with increasino speed and no amount of development will slqniflcantly alter this trend.

References 5.) and _.ig indicate that a modern airship with a cruise speed of 120 mph, or about one*

Fourth the speed of today's fanJet transport airplanes, will have the same flight efficiency and empty

weight fraction as the airplane. Therefore, for equivalent sizes we may expect that such an airship
will have only one-fourth the productivity of the airplane.

We conclude this subsection by directly comparing past commercial airshlo operations with airplane

operations of the same era. There is no question that initially, until about 1930, airships were

superior to airpl ariesfor long-haul transportation in terms of performance, capacity, economics, and

safety. However, neither form of air transportation was truly competitive with surface modes at that

time.

In the Ig30'S the airplane surpassed the airship In terms of speed, operating cost, and even safety

6Ref. 5.21. (It should be noted, however, that the limited operating experience, especially with large

rigid airships, makes any statement of this type somewhat conjectural.) In 1937, the most advanced

passenoer airplane (PC-3) had double the cruising speed of the most advanced airship (the Hindenburg).
References 1.3, 5.20 and 5.21 indicate that in 1937 the PC-3 had total operating costs per seat-mile be-

tween one-half and one-thlrd those of the Hindenburg. AlthouGh the Hindenburg disaster and the approach

of World War II hastened the end of commercial airship operations, it is clear that the fundamental

cause was the growing inabilltv of the airship to compete economically with the airplane in long-haul

transportation.

5.2 Mission Analysis

Although past commercial airship operations have consisted primarily of long-haul transportation of

passengers along with freight and mail, because of the airship's low speed and productivity thlS is not

a likely mlsslon for a modern airship. One passenger-carrylng possibility is For a cruise ship type of

operatlo_ but the market size for this application is likely too low for development incentive.

Because of an airship's natural attributes and drawbacks compared with other transportation modes,

attention for passenoen airships is draw_ to short-haul applications. For short stage lengths, the

speed disadvantage of airships as compared with airplanes is relatively unimportant. However, the
V/STOL capabllltv and the relatively low noise and fuel consumption (due to lower power levels) of the

airship become important advantages. These advantages may allow an airship to penetrate short-haul
markets which have to-date been unavailable to h_avlmr-than-alr craft.

In fact, there are Passenoer markets not presently serviced by the trunk or local airlines because

of their short stage lengths or other factors. Specific mlsslons are service between city centers,
between minor airports, and airport feeder service. Vehicles in the 30- to 150-passenger range would be

required, and stage lengths would lle between )0 and ?00 miles. Air modes offer no advantages over

ground modes at stage lengths less than about 20 miles and passenger airships probably cannot compete
with airplanes at stage lengths greater than 200 miles. Presently existing competing modes include

general aviation fixed and rotary wlnq aircraft as well as ground modes. Air modes hay, b_n able to

UI!I!
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cases they allow savings in door-to-door times. An airship has a good chance to be co_petitlve because

of the relatively high operating costs of the c_eting heavier-than-alr craft. In fact, Airship

Industries envisions the short-haul passenger market as one application of its AI-600 airship.

Turning now to the transportation of cargo, speed Is not as significant to shippers as to passen-

aers aS is evidenced by the relatively low percentage of cargo that travels by alr. For example, the

air mode carries only 0.5% of the total cargo by weight in the U.S.-Europe market and less than 0.2% of

the U.S. domestic freight. Because of the higher availability of trucks and their more numerous ter-

minals, trucks generally give faster door-to-door service {as well as lower cost) than airplanes at

stage lengths less than 500 miles, Because of the airship's low productlvlty, it is not likely it will

be able to compete economically with either existing air or ground modes of cargo transportation. How-

ever, there may be a range of stage lenqths centered around 500 miles for which an airship service could

offer lower door-to-door trip times than any other mode could offer. Thus there may be a limited market

for airship transportation of speed-sensitive, high-value cargo over moderate ranges.

In addition to the conventional cargo transportation missions just discussed, there may be special
cargo missions for which the airship Is uniquely suited. An example is transportation in less developed

regions where ground mode infra-structure and air terminals do not exist (Refs. 5.22, 5.23). Agricul-

tural commodities are a particularly attractive application since their transportation is one-time-only,

or seasonal, in nature and crop locations are often in remote regions with difficult terrain. Closely

related to this application is timber transportation in remote areas. The problem with this class of

application is that the market size is not well-defined at present and may be too small to warrant a

vehicle development. There is the same problem with long-haul transport of heavy and/or outsized

cargo. Short haul of heavy cargo, on the other hand, appears to be a viable application and this
mission was discussed in Section 3.

An airship application frequently mentioned a few years ago is the transportation of natural gas.

This application is unique in the sense that the cargo itself would serve as the lifting gas and

possibly even as the Fuel. Significant advantages of an airship over pipeline and liquid-natural-gas

tanker ships are increased route flexibility and decreased capital investment in facilities in countries

which are potentially politically unstable. However, an early study (Ref. 1.7) found that, because of

t_e extremely low costs of transportation by oipelines and tankers, airship costs would be several times

higher than the transoortation costs of existing systems. Thus, in spite of some obvious advantages,

the transportation of natural oas does not seem to be a viable mission for airships.

For military long-haul missions, as opposed to Civil missions, there are many important consid-

erations other than operating cost. For example, vehicle requirements include extremely long range,

very large payloads, low observable properties, and a high degree of self-sufficiency {minimum depen-

dence on Fixed ground facilitiesl. Since an airship would compare very favorably with airplanes for

many of these requirements, several authors have considered airships for the strategic airlift mission.
Interest in this airship aoplication stems not only from deficiencies in existing strategic aircraft but

also from a severe capacity deficiency in the entire military airlift system. For example, the United

States possesses about one-third of the airlift capacity that would be required in the event of a major

NATO-Warsaw Pact conflict (Ref. 5.24). The question of how to provide the additional needed capability

is obviously of vital importance.

Because of the limited amount of resources available For military forces and the global commitments

of these Forces, the United States and other western military powers have adopted a policy of limited

forward deployment of forces. Strategic mobility is then required for reinforcement in the event of

hostilities. In the early stages of a conflict, this reinforcement would be provided by conventional

airlift. As sealift becomes effective {about 30 days for sealift between the United States and Europe),

airlift would be used only for the resupply of high-value or critically needed supplies {Ref. 5.24). In

this scenario, an airship could supplement the existinq airlift and sealiFt capability by providing

faster response time than sealift and greater payload-ranqe perfor_ance than conventional airlift.

The advantage of an airship over an airplane for strategic mobility comes from the airship's

characteristic of retaining its efficiency as vehicle 51ze is increased (see Section 3.I). This allows

consideration of vehicles with payloads several times those_of _xlsting transport airplanes. Figure

5.1, taken from Ref. 5.24, shows than an airship of 40 x 106 ft 3 volume could transport a payload of

300 tons from the middle of the continental United States to Europe and return (a distance of about g000

nautical miles) without refuellno. Thus fuel supplies at the offloadinq base would not be depleted.

This capability is Far in excess of what is possible with the C-5 airplane. The main question is
w_ether or not such an increase in capability is affordable.

5.3 Vehicle Concepts

Both conventional and hybrid airship concepts have been proposed for transportation missions. We

have previously discussed conventional airships and hybrid concepts for vertical heavy-lift. We now

discuss hybrid airship concepts proposed primarily for transportation missions. These concepts include

airships with wings, "lifting-body" shapes, multiple cylindrical hulls, and concepts which combine
propeller/rotor systems with buoyant hulls. Both VTOL and STOL versions of these vehicles have been

studied.

Early studies {Refs. 1.1-1.18) quickly eliminated both the more radical concepts (because of design

uncertainty) and the multiple hull concepts {because of their relatively high surface area-to-volume

ratios). More detailed analysis showed that winged airships are generally inferior to the lifting

bodies. Therefore, the subseouent discussion will consider only liftlng-body hybrids for long-haul
missions and prop/rotor hybrids for short haul.

Many different lifting-body airship concepts were studied in Refs. 1.1-I.1B. We will select the

Aereon Dynalrship (Ref. S.14) as representative of this class of vehicle because of the background of
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information available on the delta planfom lifting-body shape and because this vehicle has received the

most attention.

The Aereon Dy_alrship (Fig. 5.2), consists of a buoyant hull of approximately delta planform with

an aspect ratio in the range of 1.5 to 2.0. Control surfaces and propulsors are arrayedalong the

vehicle trailing edge for maximum efficiency. The Dy_airshlp concept has received considerable analysis

and development including the construction of a flight vehicle.

The basic idea of the Dynalrshlp, as with all liftlng-body hybrids, Is to "flatten N the buoyant

hull to obtain a shape with higher lift efficiency. On the negative side, this flattening increases the

surface area which tends to increase friction drag and structural weight. There has been considerable

disagreement in the literature as to the net effect of these trends. Thls question will be taken up In

more detail in the following section.

A vehicle concept for the shOrt-haul transportation mission, called the airport feeder vehicle, was

studied in Refs. 1.15 and 1.16. The concept Is a semlbuoyant airship capable of transporting passengers

or cargo to major conventional takeoff and landing hub terminals from suburban and downtown depots. The

basic configuration and operational concept are _epicted _n Fig. 5.3. The hull is of the classical shape
and is a pressurized metalclad construction of 428,500 ftJ. The vehicle gross weight is 67,500 Ib;

35% of the total lift is provided by buoyant force with the remainder provided by dynamic forces, The

propulsion system consists of four fully cross-shafted, tilting prop/rotorS. At low speeds the propul-

sors are tilted to provide vertical lift and at cruise they are tilted to provide horizontal thrust,

with the dynamic lift then provided by the hull being flown at a positive angle-of-attack. The design

has an O0-passenaer capacltv and controllable VTOL capability. The cruise velocity for maximum specific

oroductivitv was estimated to be 130 knots at an altitude of 2000 ft. The noise level at takeoff was

estimated to be 86.5 pNdB and the fuel consumption to be 0.25 gallons/ton mile. The major areas of

technical uncertaintv were identified to be the hover/transitlon phase stability, and the control

characteristics and flying/ride qualities in turbulent air.

Turning to the military strateaIc airlift mission, a recent study (Ref. 5.25) has analyzed both

conventional rigid and liftlng-body hybrid airship designs for thls applicatlon. It was found that both

vehicle concepts had about the same performance, but the lifting-body design was judged superior due to

the problem of ballasting for buoyancy control in conventional airships. The lifting-body airship

proposed in Ref. 5.25 is shOwn in Fig. S.4. It Is a delta-planform configuration of low aspect ratio

with a cylindrical forebody. Actually it is closer in appearance and performance characteristics to a

classical airship than to the "high" aspect ratio delta-planform hybrids, such as the Aereon Dynalrship.

It can in fact be viewed as a conventional airship with a "faired-in" horizontal tail which is flown

"heavy." The design features VTOL and hover capability, 115 knot cruise speed, and a payload of 363
tons. The configuration parameters were selected based on parametric study of this class of shape.

5.4 Productivity Analysis

In thls section we take up in more detail the question of the productivity of modern airshipS.

Specific productivity (cruise speed times payload weight, divided by empty weight) will be used as a

figure of merit. Productivity is a vehicle's rate of doing useful work and is directly proportional to

the rate of generation of revenue. Assuming vehicle cost to be proportional to empty weight, specific

productivity is then a direct measure of return on investment.

Early studies have resulted in a wide variety of conclusions reqarding the performance of airshlos

in transportation missions. In particular, some studies have concluded that delta-planform hybrids have

inferior productivity character(sties and operating economics when Compared with classical, fully-

buoyant, approximately ellipsolCal airships and that neither vehicle is competitive with transport air-

planes. On the other hand, other studies have concluded that deltoids are greatly superior to ellip-

soids and, in fact, are competitive with existing and anticipated airplanes. Reference 5.18 identified

substantial differences in estimating aerodynamic performance and, most siqnificantly, empty weight, as

the cause of these discrepancies. This subsection is based on Ref. _.18 and the results are in basic

agreement with another similar study {Ref. 5.15).

In the parametric study of Ref. 5.IB, four vehicle classes and two empty weight estimation formulas

were analyzed for three standard missions. Specifically, the cases considered were (I) a classical,
fully-buoyant, ellipsoldal airship whose weight is estimated by a "baseline" formula; (2) the same

vehicle, but whose weight is estimated to be one-half that given by the baseline formula; (3) a

conventionally-shaped airship flown wlth dynamic lift (and therefore a "hybrid'); (4) a "high" aspect

ratio {1.74) delta-planform hVorid with baseline empty weight, similar to the Dynairship of Fig. 5.2;

(5) the same vehicle with one-half the empty weight; and (6) a low aspect ratio (0.58) delta-planform

hybrid similar to the vehicle shown in Fig. 5.4 with baseline weight. In all cases, It Is assumed that

ballast is collected to maintain constant gross weight during flight. Two empty weight estimation

formulas are included because of the laroe discrepancies in this parameter in the literature.

The three missions are (I) a short range mission {300 n.mi. range, 2,000 ft. altitude, 100,000 lb.

gross takeoff weight); (2) a transcontinental mission (_,000 n.mi. range, 13,000 ft. altitude, 600,000

lb. gross takeoff weight); and (3) an intercontinental mission (5,000 n.mi. range, 2,000 ft. altitude,

1,000,000 lb. gross takeoff WeightS. The slx specific vehicles were optimized with respect to cruise

speed and buoyancy ratio In terms of maximum specific productivity For each mission. The results of the

analysis are shov_ in Fig. 5.5-S.7.

These figures indicate the foll owina:

I. Empty-weiqht fraction has a relatively large effect on airship speciflc productivity. Reducing

the empty Weight by one-half and reoptimizing the vehicles results in higher best speeds and large
increases in specific productivity (between 2001( and 5001(, depending on vehicle shape and mission).
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Deltoidsaremoresensitive to mptv weight than ellipsoids. CBecause'large, high-aspect-ratio deltoid

hybrid airships have never before been designed, built, and flown, there is significant uncertainty
regarding their Structural weights.)

2. High-asoect-ratlo deltoid hybrid airships have specific productivity comparable to that of

fully-buoyant ellipsoidal airships, except at long ranges where fully-buoyant ellipsoidal vehicles are

significantly superior.

3. Low-aspect-ratio 60.58) deltoid hybrid airships have higher specific productivity than fully-

buoyant ellipsoldal vehicles, except at long ranges where they are comparable. Among the vehicle con-

cepts considered, it is the best airship for all three missions, considered from a specific productivity

standi)oint. Such _ vehicle seems to be an effective compromise between the good aerodynamic efficiency

of the hioh-asoect-ratio deltoid and the good structural efficiency of the classical ellipsoidal airship.

At Innger ranges than those considered here, the classical airship would tend to be slightly superior.

4. For equivalent empty weight fractions, airships cannot compete with existing transport air-

planes On a specific productivity basis. Values of airship specific productivity were approximately

one-third, one-fifth, and one third those of equivalent size airplanes for the short range, tranS-
continental, and intercontinental missions, respectively.

5. The cruise speeds for maximum specific productivity of airships are very low compared with

those of jet transport airplanes. This is particularly true for Fully-buoyant airships at intermediate
to long ranges for which optimum cruise speeds of 60 knots are typical.

The fuel efflciencies of fully-buoyant, ellipsoidal airships were found to be about five times

better than those of transport airplanes. The fuel efficiencies of deltoid hybrid airships are inter-

mediate between those of fully-buoyant elllpsoidal airships and airplanes, ranging from one and one-half

to five times better than those for airplanes. Because airship fuel efficiency is highly sensitive to

cruise speed, fuel efficiencies will be greatly reduced if higher speeds are adopted For operational

reasons. In any event, airships will use less Fuel than airplanes and will, therefore, become increas-
ingly more competitive as fuel prices increase.

5.5 Economic Estimates

Direct operating cost FDOC) is the usual criterion by which a transportation vehicle is judged.

Unfortunately, as is the case for productivity estimates, there has been also a great deal of disagree-

ment between the various published estimates of airship DOC's. Some studies (Refs. 5.1, 5.3-5.5, 5.8)

have concluded that airships are economically superior to transport airplanes, some CRefs. 5.6, 5.7,

5.al have concluded they are about equal, and some {Refs. 1.22, 1.23, 5.20, 5.21, 5.26) have predicted

that the DOC. of a modern airship would be much greater than that of existing airplanes. These studies

are criticallv reviewed in Ref. 1.22, where the discrepancies are found to result from differences in

study oround rules and in differing degrees of optimi_n in technical and economic assumptions.

To coml)ute the operating cost elements of depreciation and insurance, an estimate of vehicle unit

acquisition cost is needed, and here already is a major cause of published disagreement. Although an

_ccurate estimate of airship vehicle acquisition cost has vet to be made, Fig. 1.6 indicates the plaus-

ible conclusion that the develooment and manufacturing costs of airships will be _oughly the same as

those for airplanes and thus major capital investments will be required.

Table 5.1 compares an airship DOC as estimated in R)F. !.22 with the DOC being experienced for the

Boeing 747 rRefs. 5.26, 5.27_. The airship is a 10 x 10oft _ modern rigid design; all costs are in
i)75 U.S. dollars. The table shows that the airship has been assumed to have a lower unit cost and much

higher annual utilization _due to its lower speed) but has only one-fifth the block speed of the 747.

On an hourly basis, the airship has lower depreciation, insurance, maintenance costs, and much lower

fuel COSTS. This results in an hourly cost for the airship which is about one-third that of the air-

plane. However, when converted to a per-mile basis, the airship DOC is about 2.4 times that of the
airplane.

Assuming reasonable values of indirect operating costs, profit, and load factor, and using the DOC
estimate just discussed, required airship revenues were also computed in Ref. 1.22. These revenues are

compared to the national average revenues of several modes in 1975 (Ref. 5.28) in Figure 5.B. The fig-

ure shows that the revenue required for a profitable airship cargo operation is substantially greater
than transport airplane revenues and many times greater than the revenues of surface modes.

When one considers Short-haul VTOL airship operations, the economic competitiveness of airships

improves considerably. This is because existing and anticipated heavler-than-air VTOL vehicles, mainly

helicopters, are tel atlvely expensive to operate as compared with conventional fixed-wing aircraft. An

estimated breakdown of DOC for the airport feeder airship concept of Fig. 5.3 is shown in Table 5.2

fRef. 1.15, 1.16). In comparison with other advanced, conceptual VTOL aircraft, the airship DOC of

5.52¢ per available-seat statute mile is economically competitive. In comparison with actual helicopter

airline experience, it is superior by about a factor of two. The fuel consumption is estimated to be
about 30% better than for current helicopters.

To conclude this section, all evidence points to the conclusion that airships will have difficulty

competing with alrplanes over established transportation routes. It will take a strong combination of

several of the following requirements to make a transport airship viable: (I) large payload, (2) ex-

tremely long or very Short range, (3) expensive or limited Fuel, (4) low noise, {5) VTOL, (6) undevel-
oped infrastructure, and _7) hlgh-value or critical cargo. The best possibilities therefore seem to be

either a short-haul VTOL passenger vehicle or a large, long-range strategic military vehicle.
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Boeing747
Composite

Airship of Actual
Estimate Data

Soeed, mph 100 500

Payload, ton 100 125

Stage length, mi 2,000 2,000

Utilization, hr/y_ 6,000 3,650

Unit cost, 106 $ 20 30

Depreciation, $/hr 201 500

Fuel, $1hr 135 1,200

Crew, $/hr 500 500

Insurance, _/hr 30 75

Maintenance, _/hr 200 525

Total Direct Operating Cost, $/hr 1,066 2,BOO

Direct Operating Cost, S/available
ton-mile 10.7 4.5

Table 5.1 Comparison of long-haul direct operating cost breakdowns

Direct Operating

Cost, cents/available
seat statute mile

Depreciation 1.37

Crew 0.75

Fuel 1.25

Insurance 0.26

Maintenance 1.7B

Helium Replenishment 0.11

Total Direct Operatinq Cost 5.52

Table 5.2 Airport feeder direct operating cost breakdown
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